I. INTRODUCTION
W HITE light-emitting diodes (LEDs) are a major candidate for future illumination. The potential for simultaneous use of these light sources for lighting and data transmission has stimulated numerous research and development activities [1] . Beside the advantage of providing an additional service at comparably low cost, this technology has other attractive properties valid for optical wireless communication in general. Among them, the most important are the worldwide available and unlicensed bandwidth, noninterference with radio bands, and the potential of spatial reuse of the modulation bandwidth in adjacent communication cells.
Modulation bandwidths of commercially available phosphorescent LEDs lie in the lower megahertz range [2] . Enhancement by at least an order of magnitude can be achieved when suppressing the phosphorescent portion of the optical spectrum upon detection [2] . This approach is adopted in the ongoing European project OMEGA [3] , where one of the goals is to demonstrate information broadcast in home environment at 100 Mb/s via interior lighting. Results of theoretical studies [2] , [4] indicate a potential for high data throughputs (hundreds of megabits per second) in indoor environments. First, experimental demonstrations based on the "blue filtering" approach showed 40 Mb/s with ON-OFF keying (OOK), but with potential for higher data rates when using spectrally efficient modulation such as discrete multitone (DMT) [5] . In [6] , another, somewhat complex, approach considers the use of multiple LEDs and tuning their individual resonant modulation frequencies to enhance the overall source bandwidth, and achieve 80 Mb/s with OOK. By combining the "blue filtering" with analogue equalization at the receiver (Rx), OOK transmission at 100 Mb/s was recently shown in [7] . Previously, the use of DMT signals has also been regarded in measurements reported in [8] , however, for quite low transmission rates.
In this letter, we base our experimental investigations on theoretical studies from [2] , and follow the "blue filtering" approach in combination with offline processing of DMT signals. We demonstrate a visible light link operating at 231 Mb/s with bit-error ratios (BERs) below . Deployment of a forward error correction (FEC) would result in a 208 Mb/s net transmission rate.
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . In order to perform measurements, time traces of a DMT signal were generated by a software and fed into the arbitrary waveform generator. The DMT signal consisted of 32 subcarriers within a bandwidth of 50 MHz in the baseband (1.5625 MHz carrier spacing). The first inverse fast Fourier transform (IFFT) input corresponding to dc was left unmodulated. On the other subcarriers, bit loading was applied, with resultant quadrature-amplitude modulation (QAM) orders adapted to the channel quality at individual frequencies. In this way, the transmission rate could be enhanced, and at the same time, the error rate over the whole transmission band can be kept similar. Bit loading is primarily suitable for frequency-selective channels. In our case, the optical wireless channel is practically flat [2] . However, due to the influence of the LED frequency characteristic as well as the presence of radio 1041-1135/$26.00 © 2009 IEEE interference in our laboratory, which significantly enhanced the noise at some frequencies, bit loading was a way to circumvent these spectral effects. The subcarrier modulation orders used in our experiments are given in detail in the next section.
As light source at the transmitter (Tx), a commercially available phosphorescent white light LED module (OSTAR LE CW E3) has been used. This lamp consists of six chips, providing a luminous flux of lm (when operated at 700 mA dc driving current) with a 130 full opening angle at 50% of maximum intensity. A lens of 25 mm focal length was used for focusing the emitted light onto the photodiode, ensuring desired illuminance levels at the Rx. In a practical scenario, the required brightness would be achieved by deploying several LED modules. The used LED driving circuit was a custom-designed two-stage class-AB amplifier with about 600 mA peak-to-peak output. For the measurements, the DMT signal waveform was first symmetrically clipped to 80% of the maximum value, and then scaled to the range of the amplifier output. The ac output from this device was superimposed onto the dc bias current (700 mA) supplied by aid of a bias T. This resulted in LED effective modulation depths of 0.3-0.35, depending on the particular bit loading mask. Such values were chosen as suitable after investigations regarding the influence of the clipping level and nonlinearities induced by the LED characteristic on the transmission performance, e.g., the BER.
The ac-coupled analogue Rx combined several components on a single board. A low-pass dichroitic blue filter (cutoff wavelength 500 nm) was mounted in front of the photodiode to suppress the phosphorescent component of the white light. A largearea silicon pin diode with a polymer lens (Hamamatsu S6968) allowed a wide field of view as well as an effective area of about 100 mm . The gain of the connected amplifier, consisting of a low-noise wideband transimpedance stage and a postamplifier, was 5 k and the 3-dB bandwidth was about 40 MHz at an equivalent input voltage noise of 330 pV/ . After transmission through the visible light channel, time traces of the received signal were recorded at a storage oscilloscope (4 GS/s sampling rate) and further processed offline. The received DMT signal was demodulated, and signals on the subcarriers were separately demapped according to the bit loading mask. Perfect synchronization between Tx and Rx was assumed (the start of the transmission frame was manually determined). By using a training sequence sent at the beginning of the transmission block, the channel was estimated and used for data equalization. In the experiments, the training sequence was 10 DMT symbols long, which was enough to average out the Gaussian noise. BERs was calculated for each modulated subcarrier, and the mean was taken as the resultant BER . Data sequences of 6250 DMT symbols (including ten training symbols) were sufficient to collect more than 20 symbol (bit) errors on each modulated subcarrier.
III. RESULTS AND DISCUSSION
Since the primary function of the used optical source is general illumination, the brightness level in front of the Rx was considered as the parameter of relevance in the performed measurements. Brightness, i.e., illuminance (in lux) is expressed over the source luminous intensity in the illuminated surface direction (in candela) and its distance to the illuminated surface (in meters) as [2] . The measurements were made by setting a desired brightness level at the Rx. This was done by placing a luxometer directly in front of the Rx unit. Note that the Tx-Rx distance is not of relevance in this case (in our measurements, it was about 0.7 m). According to the standard [9] , for example, a range of 400-1000 lx is recommended for work in a typical office environment. 1 First, two separate measurements were performed, corresponding to brightness levels of about 1100 (a well-lit office) and 550 lx (enough to read and write). Subcarrier modulation orders were manually adjusted to enhance the transmission rate as much as possible while keeping the BER in a range that can be compensated by FEC coding. The bit loading masks (distribution of the number of bits over the subcarriers in one DMT symbol) are shown in Fig. 2 , considering different multilevel QAM (M-QAM) orders. The number of bits per subcarrier was chosen from a set , where denotes an unmodulated subcarrier. Beside the first subcarrier (index 0 in Fig. 2 , corresponding to dc), the subcarrier 1 in both cases was also left unmodulated because of severe distortion induced by the bandpass transmission characteristics of the driving circuit. The spectral efficiencies achievable on the other subcarriers resulted from various effects. Clearly, in the case of higher illuminance, the overall spectral efficiency was higher. Due to the modulation beyond the system optical 3-dB bandwidth ( 40 MHz), spectral efficiencies on the higher subcarriers were lower. Due to an unknown external interference present in our laboratory, frequencies around 10 MHz and their harmonics were notably degraded, and modulation orders of corresponding subcarriers had to be lowered in order to fulfil the BER requirements. In the case of 550 lx, subcarrier 14 had to be even left out.
The corresponding resultant BERs are shown in Fig. 3 , together with a couple of illustrative constellation diagrams of the received data. In Fig. 3 , it can be observed that the resultant 
BER
values (denoting the total number of falsely detected bits over the total number of sent bits) were below . The total gross transmission rate (without the redundancy introduced by cyclic prefix, training, or FEC) is given by (1) where MHz is the DMT signal bandwidth in the baseband and the number of independent subcarriers (positive frequencies including zero frequency). 2 
The used training sequence reduces the gross rate by (which is a negligible overhead). Given the flat visible light channel [2] , the cyclic prefix need not to be very long. With and 7% overhead for the super FEC assumed [10] (leading to a practically error-free transmission), the resultant net rates of 209 and 182 Mb/s could be obtained for the 1100 and 550 lx brightness levels, respectively. Furthermore, we investigated by which minimum brightness level, a net transmission rate of 100 Mb/s is still achievable (with BER ). This was done by reducing the illuminance at the Rx and adjusting the bit loading mask. It was found that 101 Mb/s (with and ) is possible with a bit loading mask shown by the solid line in Fig. 2, at an approximate brightness level as low as 180 lx. The resultant BER was obtained (not explicitly shown).
IV. SUMMARY AND CONCLUSION
In this letter, we demonstrated for the first time, a visible light link operating at more than 200 Mb/s net transmission rate by using a phosphorescent white LED lamp modulated by a DMT signal. Digital signal processing was performed offline. The distance between Tx and Rx units was set to obtain an illuminance level of about 1100 lx (recommended for a well-lit office environment) in front of the receiver. Apart from this, we demonstrated that with only half the illuminance ( lx), recommended as enough to read and write, 180 Mb/s (net) are obtainable, and only lx is enough for net rates of more than 100 Mb/s. High transmission rates result from the enhanced modulation bandwidth of the optical system, achieved primarily by blue filtering in front of the receiver. All demonstrated overall BERs lie below , which can be completely compensated with super FEC.
